This investigation of the window opening data from extensive field surveys in UK office buildings demonstrates: 1) how people control the indoor environment by opening windows;
INTRODUCTION
Good building design is one of the important factors for energy saving; another is how occupants control windows to achieve comfortable indoor conditions. Although adaptive thermal comfort models are established (ASHRAE 2004 , CIBSE 2006 , CEN 2007 , and relationships between indoor and outdoor conditions and the use of building controls have been described (e.g. Nicol 2001, Nicol and Humphreys 2004) , there remains uncertainty in how to design naturally ventilated buildings that achieve comfortable thermal conditions. It is important to integrate into building design procedures occupant behaviour in relation to windows as they are the most common thermal control device. When people feel too warm or too cool they often open or close windows to alleviate their discomfort. This is not only potentially useful for energy saving in summer, reducing the need for mechanical cooling, but also provides a beneficial link with the outdoor environment. The basis of this occupant behaviour is not yet fully understood, and so behaviour protocols for which there is little empirical support have sometimes been employed (Rijal et al. 2007 ).
In the UK building regulations, domestic dwellings now require a summer overheating calculation to be carried out using a standard methodology (BRE 2005) , while the guidance for non domestic dwellings for summer overheating has recently been revised with the issue of CIBSE TM37 2006. The guidelines on how to achieve compliance, set static thresholds and take no explicit account of outside daily or hourly temperature variations, or actual building ventilation paths and their interaction with the external climate. Other guidelines for building overheating performance do account for climate variations and permit dynamic simulation but specify fixed values for the number or percentage of occupied hours allowed above a specified temperature (CIBSE 2006) . In an adaptive building, performance is dependent on how the building responds to internal and external variations in climate and on how and when the occupants respond to these variations (i.e. what adaptive actions they take and under what conditions they take them) and on how these actions alter the building's state. In order to model the performance of naturally ventilated buildings it is essential to be able to model the occupant behaviour. Among the most common adaptive actions in a naturally ventilated building is the adjustment of window position.
Historically many window opening models have been put forward based on indoor or outdoor temperature (Warren and Parkins 1984 , Fritsch et al. 1990 , Nicol et al. 1999 , Raja et al. 2001 , Nicol and Humphreys 2004 , Inkarojrit and Paliaga 2004 , Yun and Steemers 2007 , Herkel et al. 2007 . Fritsch et al. (1990) proposed a model based on Markow chains for random window opening prediction. Pfafferott and Herkel (2007) Anecdotally, an additional driver of window opening is air freshness, which may also be modelled using ESP-r's embedded contaminant modelling and CFD capabilities.
Naturally ventilated or hybrid ventilated buildings are common. The quantification of the comfort and energy use performance of these buildings is however an area under development. The importance of good understanding and good practice in this area is being heightened by increasing outdoor temperatures and the increased focus on reductions in building energy use within a number of countries. It is important to understand and model correctly the behaviour of occupants in buildings and how this behaviour affects energy use and comfort. It is similarly important to understand how a building's design affects occupant comfort, occupant behaviour and, ultimately, the energy used in the operation of the building. This paper reviews the implementation of the EN15251 adaptive comfort criteria and the Humphreys window opening behavioural algorithm in ESP-r and demonstrates their application to an analysis of summer overheating for an office in the UK. The effect of several building design options is then investigated and the use of the Humphreys adaptive model compared to the use of proportional window opening above a static threshold temperature for a number of building design options. Thus, the main objectives of this research are (Rijal et al. 2007a , Tuohy et al. 2007 ):
• To understand how people use windows to control the indoor environment.
• To use an algorithm for window opening behaviour, derived from field data, for some appropriate thermal simulations.
• To evaluate the cooling effect of window opening, by means of field investigations and thermal simulation.
• To analyze the impact on summer overheating of window opening behaviour for a variety of building design options.
• To compare the adaptive behavioural approach with non adaptive approaches.
THE DATABASE
This investigation uses data from extensive thermal comfort surveys in Oxford and Aberdeen in the UK. Longitudinal (Abdnox-long) and transverse (Abdnox-trans) surveys were conducted in 15 office buildings (7 naturally ventilated (NV) and 2 air conditioned (AC) buildings in Oxford, 3 NV and 3 AC buildings in Aberdeen). The longitudinal surveys took place between March 1996 and September 1997. Data loggers recording the room temperature were placed in the working environment and the occupants were asked to record in a brief questionnaire their thermal satisfaction and use of building controls. These responses were gathered 4 times daily (early morning, late morning, early afternoon and late 
Temperatures for windows open and closed
The values of globe temperature (T g ) and outdoor air temperature (T ao_i ) for the windows open and for windows closed cases are shown in Figure 1 Near Here: Figure 2 and Table 2 .
Effect of opening a window
In this analysis an open window is designated by '1' and a closed window by '0'. To find from the longitudinal data the effect of opening a window, pairs of responses when a closed window was followed by an open window (01 pairs) were extracted within the same day from the same person. Although the people had been requested to make records 4 times in a day, some provided only 2 or 3. Consequently, some of the selected samples had 1 or 2 record gaps between them, but most were separated by about 2 hours.
The number of paired samples is 1,316 for T g . The mean T g and T ao_i for the windows open is higher than for the windows closed (Figure 3 (a), (b) and Table 3 ). As the value of the outdoor temperature can not be influenced by the action of opening the window, the window opening must be in responses to the higher temperatures. This suggests that the general result of opening the window was to limit any subsequent rise in room temperature that would have occurred had the window remained closed, rather than to cool the room. As well as window opening affecting the indoor temperature, there may also be an air movement or fresh air advantage.
Near Here: Figure 3 and Table 3 .
Effect of closing a window
To find the effect of closing a window, open-closed (10) pairs of responses were selected.
Again they were from records adjacent in time, within the same day, and from the same person. The number of samples for this condition is small (n = 487 for T g ) because people rarely closed windows in the offices once they were open, probably because during the day both indoor and outdoor temperatures were generally rising. When the windows were closed, in most of the buildings T g increased and T ao_i decreased (Figure 3 (c), (d) and Table 3 ). It seems that people were likely to close windows when the outdoor temperature was falling.
The results suggest that windows are closed to effect an increase in the indoor temperature, or to limit its fall, by shutting off the effect of falling outdoor temperatures.
The cooling effect of open windows
To investigate A further illustration might be helpful. of indoor temperature between the opening of a window to avoid overheating and its subsequent closure to avoid cold discomfort should the room temperature fall. The logic of the use of windows to control personal thermal comfort is similar to that of the way people adjust their clothing insulation for comfort and is described by Humphreys (1973) .
The present data do not enable a direct visualisation of the width of this deadband because of the binary nature of the data. To provide such a visualisation and hence to estimate the width of the deadband it is necessary to group the data into bins in which the window opening can be expressed as a proportion between zero and unity.
In order to obtain these 'binned' datapoints the data were sorted by building and then by indoor temperature and split into groups of 25 records in order of increasing room Table 4 , together with a note on the calculation of the adjustment, since the method is not commonly used and may be unfamiliar.
In Figure 7 , 84% of the data points are within ±2 K of the central line and so a 4 K zone was adopted as the width of the deadband. (This is close to ±1.5 standard deviations of the horizontal scatter of the points, a conventional estimate for the range.) The decision to include some 80% of the points is a matter of judgment, and may need to be modified in the light of further experience.
Near Here: Figure 7 and Table 4 .
THERMAL SIMULATION

Implementation of window opening algorithm in ESP-r
A separate paper has described how the Humphreys algorithm (Appendix 1) for window opening was derived from analysis of extensive survey data (Rijal et al. 2007 ) and its implementation in the ESP-r dynamic simulation software. In this work a behavioural algorithm for window opening, developed from field survey data has been implemented in ESP-r. The algorithm is in alignment with the CEN standard for adaptive thermal comfort.
The comfort temperature was calculated from exponentially weighted running mean outdoor temperature for a day (T rm ) (CIBSE 2006).
Multiple logistic regression analysis of windows open on both indoor globe temperature T g and outdoor air temperature T ao_i gave rise to an equation for use to predicted window opening (Rijal et al. 2007) :
A comfort zone of ±2 K about the comfort temperature is used to represent the range of internal conditions under which the occupant is likely to be comfortable (Nicol and Humphreys 2007).
The office model
The chosen baseline cellular office faces south and is constructed to represent a typical 1990's office with a 22.5 m 2 floor area within a thermally lightweight building (Figure 8 ). The construction of the external wall, floor and ceiling is shown in Figure 9 . The area of the windows is 3.9 m 2 . The adaptive window opening algorithm is applied in the weekday office hours (9:00 ~ 17:00). Outside these hours, it is assumed that all the windows remain closed, and were closed all day at the weekend. Only trickle ventilation is allowed when the window is closed.
The heat gain from equipment is the same for weekdays and weekends. The heat gain from occupants and lighting is applied only during weekdays (Table 5) The internal walls are plasterboard partitions.
For simulation, Gatwick climate data were used to evaluate the cooling effect of opening windows while Dundee climate climate data were used for to evaluate summer overheating because these data are located in a similar climate zone to Oxford and Aberdeen. The outdoor temperatures and solar gains are similar over the four investigated days (Figure 10 ). Running mean outdoor temperatures were calculated using 26 previous days of climate data, and the full simulations were run over a start-up period of 6 days prior to the weekend period of interest. The time step of the simulations is 1 hour.
Near Here: Figures 8, 9 and Table 5 .
Cooling effect of opening windows
To investigate the cooling effect of window opening, the thermal environment on weekdays and weekends is predicted using ESP-r. For the unshaded office, the indoor temperatures are high, triggering window opening early and delivering up to 500 W of cooling power ( Figure   10 and Table 6 ). For the unshaded office, the indoor temperatures are higher during weekends because the loss of cooling power is larger than the reduction in occupant and lighting gains.
For the shaded office, the indoor temperature is generally cooler (Figure 11 and Table 6 ).
When windows are opened there is less cooling energy because of the smaller indoor-outdoor temperature difference. The window opening also occurs much later and, overall, delivers less cooling. For the shaded office the effect at the weekend is that the reduction in heat gain from occupants and lighting is similar in magnitude to the loss of cooling because windows are closed. Thus, the temperature during weekdays is similar to the weekend in the shaded office.
The difference between weekday and weekend operative temperatures can be explained partly by looking at a simple energy balance (Table 7) . In general when there are higher average total gains (losses) then indoor temperatures will tend to be higher. It is common in the study of the summer performance of naturally ventilated buildings to assume that windows will begin to be opened in the summer when the indoor operative temperature reaches some threshold and then opened proportionally until fully open when some higher threshold is reached. In this analysis, this approach is termed 'proportional' and is contrasted with the 'adaptive' approach of the Humphreys algorithm. This proportional opening behaviour is illustrated in Figure 13 Figure 12 ). The thresholds chosen here are towards the low end but within the range commonly used to demonstrate the capability of a building in the UK to achieve an overheating specification.
Comparing the proportional approach to the adaptive behavioural algorithm over the summer period shows significant differences as illustrated in Figure 14 and Figure 15 . The proportional approach gives lower peak temperatures and much lower temperature exceedances.
For this example, the proportional approach gives a more optimistic prediction than the Humphreys algorithm. The difference appears to be that in the proportional case the window opening occurs before a discomfort triggered window opening event occurs. The Humphreys algorithm, which is survey based and building and climate specific, is more likely to represent actual behaviour than an arbitrary threshold that, in the absence of established criteria, would be likely to be set at the most advantageous value.
Using the proportional approach in this way could lead to the assumption that the lightweight unshaded office performance would prove acceptable. However, the Humphreys algorithm identifies that the risk of overheating in the no shade or shaded office would be significant.
Moving ahead with a design based on the proportional approach would result in a significant risk that occupants would experience discomfort leading to the need for remedial measures such as fans, air conditioning or glazing replacement.
The integration of the algorithm and the adaptive comfort criteria within the dynamic simulation tool allows comfort and behaviour in a given situation to be modelled as well as the effect of behaviour for any given situation. In this case the window opening behaviour is implemented within a dynamic thermal model. This means that occupant behaviour will influence ventilation in a dynamic manner allowing design modifications to be made in response to issues found. It is suggested that an adaptive algorithm will better represent human control of windows and allow a more accurate assessment of human thermal comfort conditions and building performance, including summer overheating and annual energy use. The algorithm embedded in simulation software will assist in the design of more comfortable and energy efficient buildings. In order to illustrate the operation of the algorithm the data presented in this paper has been taken from the application of the algorithm in a single throw deterministic-like mode. In future applications to real building design, the algorithm should be deployed within a structured multiple simulation methodology that accounts for the stochastic nature of the algorithm and variations/uncertainties in input parameters (e.g. gains, climate) in order to produce outputs representing realistic distributions of energy use and occupant comfort. The approach is intended to be extended and integrated with adaptive behaviours such as lighting and shading use, heating and cooling controls adjustment, use of fans and doors etc.
CONCLUSIONS
The window opening data from the field surveys showed the following principal features.
1) The mean T g and T ao_i when the window is open are higher than when the window is closed. This suggests that people are opening the window in response to increases in the indoor and outdoor temperature, and that this effect conceals the cooling effect of window opening on room temperature.
2) The lower (≤10%) and upper (≥90%) limit of the cumulative T g and T ao_i when windows are open is higher than for when they are closed. The temperature range over which windows are opened is wide.
3) The measured T g of the weekdays (windows open) is lower than for the weekends (windows closed). The results show that window opening had a significant cooling effect.
The method of calculating the 'deadband' for window opening is explained. A similar method can be used in other data analysis situations, such as the use of fans (Rijal et al. 2007b , Nicol et al. 2007 ).
The cooling effect of the window opening was verified by thermal simulation, using an adaptive algorithm for window opening behaviour derived from field investigations. The simulation results are compatible with field observations and show that window opening is effective for cooling by controlling the internal and external heat gains in summer and by increasing indoor air movement. Thus, window opening is useful to mitigate summer
overheating. An adaptive algorithm for window opening behaviour can be used in building simulation to help design buildings that achieve thermal comfort and energy saving. 
hence cov (T g , logit)=b×var(logit)
and var(logit error)= 1/{np(1−p ) }
Adjusted value of b:
The equation must pass through the group means of T g and the logit, thus c=logit m −0.584T gm
The centre line of the deadband:
the width of deadband is taken as ±1.5SD×Residual of T g
So the equations for deadband margins are:
logit=0.584(T g ±2.1) −13.8
but p=e (logit) /{1+e (logit) } so the curves may now be drawn (11) Globe temp. [C] Outdoor temp. [C] (d) Abdnox-trans 
insulation (45) plaster (3) timber (7.5)
insulation (74) plasterboard (13) 
